ABSTRACT: Contemporary accounts of the history of globalization place the grain trade in a leading role. Narrowing price gaps for wheat in world markets serve as the key indicator of increasing market integration. And the chief example of an early policy backlash is the rising protectionism of European importers in response to the "Great Grain Invasion" of New World grain in the late nineteenth century. These accounts focus on the important role of falling transportation cost, but neglect other crucial biological innovations that allowed expanding the wheat cultivation in the new lands, what we call the "other grain invasion." This paper documents that over the 1866-1930 the average distance of world wheat production from the core consumer markets doubled, as the wheat frontier moved on much harsher (colder and more arid) climates. Examining the detailed histories of major producers on the periphery, we show that this move involved, and indeed required extensive experimentation by farmers and crop scientists to find new suitable cultivars that could thrive in the new environments and survive the evolving pest and disease threats. Flows of germplasm and knowledge about breeding occurred not only from center to periphery, but also and importantly within the periphery and from the periphery to the center as an increasing integrated global community of crop scientists emerged over the late nineteenth and early twentieth centuries. Finally, we speculate about why in some regions pioneering plant breeders are heralded as national heroes whereas in others they are sadly under-appreciated.
1
The long nineteenth century witnessed unprecedented flows of primary products from newly settled regions on the periphery to Western Europe. Vast sums of European capital along with armies of workers went the other direction seeking higher returns and better opportunities on the periphery. Here was an unprecedented engine for economic growth that dramatically increased the international division of labor. The recent economic history literature, as reflected by the works of Jeffrey Williamson, C. Knick Harley, Kevin O'Rourke, and others has defined nineteenth-century globalization in terms of these international factor and commodity movements. This emphasis has led to the conclusion that globalization did not really gain steam until after 1800. In these accounts, globalization was largely driven by innovations that drove down transportation costs, particularly of the cost of shipping foodstuffs which made up the bulk of international trade. As an example, O'Rourke has called attention to the effects of cheap grain from the periphery on factor prices in Europe, creating pressures for protectionism in an early policy backlash against globalization. 1 This paper argues that the Great European Grain Invasion of the late nineteenth century was itself the product of the earlier invasion of the Americas and Oceania by Eurasian plants. We highlight the development and spread of new biological technologies that were essential for unlocking the productive potential of the immense tracks of virgin lands that made cheap grain exports possible. 2 Unlike primary products, which flowed from the periphery to the center, the flow of biological technologies moved in every direction. Understanding biological innovations requires a better sense of the changing locus of wheat production. This in turn suggests a need to reconsider one of the pillars of the globalization literature.
1 Kevin H. O'Rourke, "The European Grain Invasion, 1870-1913," Journal of Economic History 57, no. 4 (1997): 775-801. 2 Biologists who catalog invasive species usually include wild oats, but not wheat. Why? Both are nonnative plants, imported to many of the areas where they are now grown. The difference in billing is likely because wild oats are weeds, hardy but worthless, whereas wheat is of economic value but does not thrive without the sweat of our brows. If the invasive species are defined as non-native organisms that "completely take over and entirely change whole established ecosystems," then wheat grasses, aided by their human cultivators, clearly fit the bill. The definition of invasive species from http://www.ecopros.com/invasive_non-native_species.htm. Weeds are typically defined as plants that grow where they are not wanted, plants that are hardy, aggressive, and prone to spread quickly. Vast tracts of forest and grass lands were cleared and broken in the Americas and Australia to allow for the cultivation of wheat.
compare to the old? Given the scope of the task required to answer these questions, we rely on aggregate national-level data. As discussed in the Appendix, we used Food
Research Institute (FRI) data to compile a comprehensive production series for the 1885-1930 period, which we linked to the available production and export data for 17 nations over the 1866-1899 period. Our calculations required measuring distance from each country-the convention in gravity model literature is to use the national capitals-to a single global center, for which we used London. The Appendix discusses our reservations with this approach, but we note that the movements of the wheat belts to the interiors of the leading new producing countries suggest that the capital-to-capital measures generally understate the increase in distance. excluding Russia fell from just over one-half of world production to less than one-third.
India's share (6,747 km) declined by a similar percent while the U.S. share (5,932 km)
was roughly equal at the beginning and end of the period. These data obviously cannot explain the rapid growth of distance before 1885. But it is clear that the United States was driving that change. The U.S. was the major country experiencing a rapidly growing share of world production (almost a doubling) that was also located further than the average distance of producers from London.
The global shift of wheat cultivation had dramatic effects on typical growing conditions, with a movement onto drier and colder lands. These changes in average climatic conditions were not exogenous to the globalization process. Rather they were the predictable consequences of lower transportation costs opening the continental interiors to profitable production. As the FRI researchers noted, there was a tendency for yields of wheat to decline from east and west toward the interior regions of each of the principal land masses, North America and Eurasia. The central regions of such large continents not only suffer from generally light precipitation, but are also characterized by extreme variations in precipitation and temperature.... These climatic characteristics are generally unfavorable for wheat yields.
8
Globalization had induced a shift of wheat cultivation from maritime areas with temperate climates to interior regions with harsher continental climates.
9
These findings are in keeping with our earlier results for the United States, where grain production moved from the humid East to the dry and harsh Great Plains.
Accounting for such internal shifts would increase the measured global changes.
In the United States, pushing wheat production onto the new lands required new technologies-the development and diffusion of new types of wheat and new cultural methods. If western farmers had persisted in planting old varieties, the boom in wheat production that fueled the global economy simply would not have been forthcoming. All the transportation improvements imaginable could not have induced English wheats to thrive in North Dakota. Success in the United States and Canada also depended on innovations that mitigated the destructive forces of ever-evolving pest and disease environments.
The biological transformation in the United States was part of a worldwide process. The farmers who extended the wheat frontier in Canada, Australia, Argentina, and Russia, faced similar challenges of producing in new and harsh environments. In all of these areas, the first attempts to grow wheat failed. Success depended on biological innovation. Farmers and plant breeders from all these countries scoured the globe for varieties that might meet local needs, they selected and increased the seeds from particularly promising plants, and by the end of the nineteenth century a number of scientists were creating hybrids that combined the favorable traits of varieties drawn from around the world. This was a purposeful and sophisticated process lead by men whom plant scientists today still revere as the pioneering giants of their discipline. Advances were accelerated by a loose but effective international network of plant scientists that facilitated the exchange of ideas, methods, and varieties. These exchanges highlight the importance of international technological spillovers in the globalization process.
The technological changes based on plant selection and breeding flowed in every direction. At first, they flowed from the center to the periphery. But the wheat varieties that made the expansion of the extensive margin possible for the most part did not come from the old center, but from the "old periphery." Poland, Ukraine, Russia, India, and (which were themselves recent imports from the Ukraine) with the high yielding Squareheads. Although French breeders made important strides in the nineteenth century, it was not until 1921 that the government established a formal breeding program with the founding of the Institut de Recherches Agronomiques. 22 The era's pioneering wheat breeder in Germany was Wilhelm Rimpau, who developed a scientific approach to plant heredity before the rediscovery of Mendel's laws. 23 Over the second half of the nineteenth century, a number of German breeders including Rimpau, Heine, Beseler, and Strube "improved the landraces and successfully selected spontaneous variants" to create a large number of improved winter and spring wheats. In 1875, Rimpau began conducting fundamental research "on the flowering process and artificial crossing of cereals" with an eye to combining the high-yield potential ('gut dreschen') of English wheats with the winter-hardiness and good baking qualities of native German varieties. 24 He soon sought out other early, hardy varieties from the United States and Russia to add to his systematic breeding regime. An 1889 cross between Squarehead and an early American winter wheat led to his most famous progeny, Rimpaus früher Bastard. This was "the first cross-bred wheat cultivar in Germany" and was "cultivated very successfully" for the next half century. 25 
Argentina
In his 1994 Frontier Development, Jeremy Adelman makes a classic comparison between the expansion of wheat cultivation in Canada and Argentina. 35 No Argentine figure emerges to play the starring role as prominently as did the Saunders father and son in Canada. The Spanish introduced wheat into Argentina in the sixteenth century, but the crop did not emerge as an important export commodity until the mid-1880s. 36 In the first half of the 1920s, Argentina ranked fourth in the world in wheat production and third in exports, behind only the United States and Canada.
37
Much less is known about nineteenth century breeding activities in Argentina than in the other major New World producers. Richard Scobie is downright disdainful of the farming methods generally employed. He maintains that Argentine wheat growers "knew or cared little about seed selection" and often sold their best seed for consumption and kept poorer quality seed for planting. 38 Even if his critical assessment captures the attitudes and behavior of the vast majority of farmers, it is likely there was still considerable progress. By the turn of the century an important new Italian wheat variety, Barletta, had gained widespread favor, indicating that at least some farmers were making improvements. 39 Barletta was well suited to a wide range of Argentine conditions due to a tolerance for drought, the ability to survive relatively extreme temperatures, and rust resistance. In addition, it had high gluten content and was prized by European millers.
40
The names of some of the other popular varieties in the early twentieth century including The original seed brought from Britain by Phillip failed to germinate. This was probably fortunate as these were the English winter wheats which are sown [in Britain] in the autumn and ripen in the shortening days of the following autumn. As they are lightsensitive they will not ripen when the days are lengthening. What was required in Australia was wheat which could be sown in autumn, grown through the winter and spring and ripen in the lengthening days of late spring before the summer drought sets in. By good fortune the next wheat seeds were obtained from Rio de Janeiro and were of the early flowering Mediterranean types which, because they are insensitive to light will ripen in a period when the hours of daylight are increasing.
44
Other accounts confirm these difficulties: "the early colonists found themselves attempting to grow wheat under conditions that were completely different from anything Under a variety of geoclimatic conditions the winter wheats suffered damage to their root structures due to high soil temperature and were later to mature thus exposing them to environmental risks. The root damage was far more serious than generally thought, lowering yields and in some instances preventing fruiting. Of special interest, she found that when winter-sown, Federation wheat flowered five weeks earlier than Lammas and developed leaf structures more suitable to hot climates.
57
Although wheat producers in Canada and Australia confronted dramatically different environments, major concerns being frigid weather in Canada and hot weather in Australia, there were also striking similarities in conditions and in the responses. In both countries, farmers pushed wheat production into arid regions unlike anything experienced in the old Northern European center. Moreover, the challenge created by both cold and heat called for spring wheat varieties with relatively short growing seasons.
A variety that did not ripen early was in danger of being damaged or killed by frost in Canada and by heat in Australia. Thus both Charles Saunders and William Farrer followed a common path by cross-breeding Red Fife (originating in the Ukraine, shipped to Poland, forwarded to Scotland, reshipped to Canada, and later sent to Australia) with Indian wheats noted for early ripening and drought tolerance. Such were the international pedigrees of the two wheat varieties, Marquis and Federation, credited with making possible the opening of millions of acres of new wheat lands.
55 See "Farrer Memorial Trust" and Evans, pp. 5 and 10. 56 The exchange, even very early in his career was a two way street. Evans notes that Farrer's mention of using cross breeding to improve wheat quality was an innovative proposition and that Farrer put the idea into practice a decade before Biffen's successes in England. Evans, p. 6. 
Global Exchange of Wheat Germplasm
Two common misperceptions prevail regarding the global exchange of germplasm. One view, which we suspect many economic historians implicitly hold, 
Conclusion
The long nineteenth century saw substantial changes in the locus of wheat production. Between the late 1860s and the late 1920s, the average distance of world wheat production from London almost doubled, as measured in our capital-to-capital calculations. This change in average distance occurred in spite of a large increase in production in Western Europe. Allowing for internal shifts within the United States, Canada, and other producing countries on the periphery would add further to the economically meaningful change in distance. Relative to the 1860s, wheat cultivation in the 1920s was distributed to lower yielding lands that were typically both colder and drier. The geoclimatic differences between the old center and the frontiers of wheat production were so great that few varieties grown in Western Europe were of value in the new lands. These shifts in production would not have been possible without a sustained and highly successful research and development effort to find wheat varieties that would prosper in the more hostile conditions. This was truly an international endeavor that 60 Small and McBride.
depended on identifying, transferring, selecting, and genetically recombining varieties from both the center and distant locales on the periphery.
Wheat breeding in many ways reflected the character of the nation where it was conducted. In Britain, the work was performed by heroic improvers such as Shirreff, Le
Couteur, and Biffen. In the United States, improvement efforts were more decentralized at the State Agricultural Experiment Stations with federal officials such as Mark A.
Carleton concentrating on discovering and testing appropriate varieties from around the globe. Efforts were more organized in Canada resulting in the early creation of Marquis, which crossed eastern European and Indian wheats. Australia followed a similar course.
In Argentina, the first varieties were imported by migrants, with wheats from Italy, Wherever wheat was grown commercially in the nineteenth and early twentieth centuries, it was constantly being reformulated to fit local conditions, conditions that were constantly evolving due to changing disease and pest environments. Even more than the immigrants who populated the new lands, the grains they grew were the product of "melting pots" with their "ancestors" coming from areas across the expanses of Europe, Asia, and many of the periphery countries of recent settlement. 62 Advances in basic science and the international exchange of ideas and biological material constituted the "other grain invasion" that was a necessary condition for and an integral part of the globalization story. main grain-producing belt. We have far stronger reservations about using Washington, DC as the center for United States wheat production and Ottawa as Canada's center. For example, based on our earlier work, we know that the geographic center of United States wheat production circa 1839 was well north and west of the nation's capital and moving further westward over time. Whereas London was always 5,932 kilometers from Washington, DC, it was 6,136 km from the 1839 center and 6,989 km from the 1919 center. The difference in the distances measured from London is less than the distance between the two centers because the three locations form a triangle rather than lying on a straight line. The 1919 centroid was also closer to London in latitude (though further in longitude) than the 1839 centroid. An examination of maps for Canada showing the spread of wheat production from Ontario to Manitoba, Saskatchewan, and Alberta indicates a similar process was at work. But to abide by the conventions of the gravity literature, we will retain Washington, DC and Ottawa as the measuring points for the United States and Canada, respectively. The North American examples do suggest that our calculations will likely understate the increase in distance during the great globalization wave. We know that between 1885 and 1904, the Russian wheat belt moved about one-half a degree in longitude to the east. And we suspect similar results would hold for other expanding producers on the periphery.
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Climate:
The climate data were constructed from data in "World Wheat Acreage," appendix data, pp. 303-308. This presents a highly detailed survey of the geographic distribution of wheat acreage, yields, and climates covering 223 subunits. As an example of the detail, the province of Saskatchewan is divided into nine subregions. For each of the subunits, the FRI reports the acreage (planted), yields, and average precipitation and temperature that were typical during the 1920-34 period. From these data, we can form national aggregates, reflecting average conditions prevailing in the wheat-producing areas, that can be combined by using weights derived from the production data investigated above to derive series showing the changing conditions under which wheat was grown. Note that the national aggregate captures conditions prevailing at the end of the period and to the extent that there were shifts within the United States, Canada, Russia, and other countries that mirrored the shifts occurring among nations, our series are likely to understate the overall changes in climatic conditions.
Research in the Core and Old Periphery:
The main body of the paper details the development of wheat breeding in Britain, France, and Germany. Here we extend the story to other European producers. In Italy, the first formal breeding program may be traced to the work of Nazareno Strampelli in Camerino. In 1900 Strampelli created an intervarietal cross of two Italian landraces and by 1905 he had made over 100 additional crosses. Francesco Todaro also began an 66 The exception might be Australia where production moved westward as well as inland. We will make one important concession to the actual geography of production for Russia by using the Ukrainian capital, Kiev, in place of Moscow. Kiev is 2,130 km from London and is located proximate to (if somewhat west of) the nation's wheat-producing region whereas Moscow (2,512 km away from London) is far outside the wheat belt.
intensive breeding program at about this same time at the University of Bologna. In a search for yield, rust resistance, and other qualities, early Italian breeders imported wheat varieties from across Europe (particularly important was a Dutch variety, Wilhelmina Tarwe), North America, and Japan (the short strawed, Akagomughi, was a key ingredient because of its early ripening characteristic). In 1907 the Italian government founded the Royal Experimental Station for Cereals in Rieti. And In 1919 the government established the National Institute of Cereal Genetics centered in Rome with experiment stations located through the country. The first private breeding company, the Societá Produttori Senenti, opened for business in Bologna in 1911. 67 The story of wheat production in Hungary illustrates the process and importance of varietal change. In the ninth century the Hungarian tribes brought with them at least three species of wheat: a hexaploid dwarf wheat, diploid einkorn wheat, and tetraploid emmer wheat. The latter two species gradually were abandoned, and the dwarf wheat mixed with varieties that were already indigenous to the region. In the eighteenth century conscious efforts to import new varieties from France and England generally failed because the imports did not fair well in the harsher Hungarian climate. Hungarian farmers obtained better results with imports of Polish and Galician varieties. Systematic wheat breeding activities in Hungary date back to at least the mid 1860s with the work of Sámuel Mokry and by the early nineteenth century Hungarian breeders had achieved considerable success. The problems that Mokry and his fellow breeders confronted would have been familiar to they American counterparts: How to design wheat varieties that offered high yields and quality and were resistant to drought, cold, heat, diseases (especially stem rust), and lodging. 68 Ukraine was once Europe's bread basket. For most economic historians this meant the region supplied significant exports to feed the growing urban populations further west. But Ukraine was the bread basket in a second and more important sense, because the region also supplied much of the germplasm that by the early twentieth century had become the foundation for immense increases in production in Western Europe and North America. The great range of local geoclimatic conditions running from north to south and east to west in Ukraine and Russia gave rise to a wide variety of spring and winter wheat characteristics, as ancient peoples selected and maintained unique local wheats. Among the most important of these Ukrainian creations was Krimka misceva, which became important in the development of a number of important varieties. 69 One of the achievements of pre-WWI plant breeders in many countries was to develop hardier winter wheats that could survive more extreme temperatures and more arid conditions. Spring wheat was more likely to survive harsh conditions but offered significantly lower yields in areas where winter wheat could also be planted with some security. In the United States, where we have relatively good data, we can trace a fairly narrow boundary running from east to west separating the two wheat types, with winter wheat to the south and spring wheat to the north. Within a few decades following the introduction of hard "Turkey" red winter wheat varieties from Southern Ukraine, winter wheat production shifted hundreds of km to the north dramatically increasing yields and wheat production. A similar process was surely underway in Russia and Ukraine. The "Turkey" wheat the transformed wheat production in the American Wheat Belt was a relatively recent introduction into Ukraine where it also spread rapidly, displacing older spring wheat varieties. As an example, one of America's pioneering wheat breeders, Mark Alfred Carlton, noted that "in the Molochna district spring wheat was grown up to 1860, when Turkey was introduced there from the Crimea, and entirely replaced the spring wheat." Maps of the distribution of wheat types offer a crude indication of the northward movement on the Spring-winter wheat frontier. 70 The scant data we have for European Russia points to the economic importance of the advance of winter wheats. Between 1883 and 1914, the total area of wheat sown in European Russia increased 84 percent, from 11.2 to 20.4 million hectares. Wheat production wheat production outpaced the growth in area increasing by 116 percent, from 5.6 million tones to 12.1 million tones. Over this period, the yield of spring wheat remained almost constant at about 0.50 tones/hectare, while the yield of winter wheat nearly doubled from 0.52 to 0.93 tones/hectare. Although not definitive, this evidence is consistent with the hypothesis that the share of the (increasingly) higher yielding winter wheats was increasing and this shift was driving the Russian yield increases.
Russian wheat varieties were important inputs in the breeding programs around the world. As one example, Carleton traveled extensively in Russia in 1898-99, securing "twenty-three varieties of cereals…." He then experimented with these along with roughly 1,000 other varieties over a four year period. "The results show conclusively that Russian cereals, especially wheats, are the sorts best adapted for culture in the prairie and northern portions of this country." Carleton's introduction of Kabanka from the Kirgihiz Steppes became the basis for the boom in durum wheat production in the northern American Wheat Belt. 71 Formal breeding was also improving wheat in Russia Empire. In 1894, the Bureau of Applied Botany in St. Petersburg started the formal study of plant breeding and by WWI several other experiment stations were in operation in the Czarist state. Government institutes to promote scientific wheat breeding in Ukraine date to the creation of the agricultural experiment station in Odessa in 1912. At about the same time breeding stations were also founded near Kiev and in Kharkov. As should be expected, there were failures as well as successes. As an example, in the late nineteenth century, Polish, Hungarian, and Ukrainian breeders all imported English Squarehead cultivars, hoping to capture the landrace's high yields and resistance to lodging, but these efforts were abandoned due to lack of winter hardiness.
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The eastward movement of the wheat frontier onto the steppes in the eighteenthand nineteenth-century shared many of the characteristics that were common to the settlement of North and South America and Australia. These include the introduction of 
